Three density functional approximations (DFAs), PBE, PBE+U and Heyd-ScuseriaErnzerhof screened hybrid functional (HSE), are employed to investigate the geometric, electronic, magnetic, thermodynamic properties of four iron oxides including α-FeOOH, α-Fe 2 O 3 , Fe 3 O 4 and FeO. Comparing our calculated results with available experimental data, we find that the HSE (a = 0.15) (containing 15% "screened" Hartree-Fock exchange) can provide reliable values on lattice constants, Fe magnetic moment, band gaps and formation energies of all four iron oxides, while standard HSE (a = 0.25) seriously overestimates band gaps and formation energies. For PBE+U, a suitable U value can give quite good results for the electronic properties of each iron oxide, but it is challenging to accurately get other properties of four iron oxides using the same U value. Subsequently, we calculate the Gibbs free energies of transformation reactions among iron oxides from the HSE (a = 0.15) functional and plot the equilibrium phase diagrams of the iron-oxide system under various conditions, which provide the reliable theoretical insight into phase transformation of iron oxides.
Introduction
Iron oxides have been focus of numerous studies due to great application potential in many disciplines [1] [2] [3] [4] [5] [6] such as geology, mineralogy, biology, medicine, physics and kinds of chemistry.
These polymorphs have diverse structures and readily undergo phase transformations between themselves. Particularly, α-FeOOH, α-Fe 2 O 3 , Fe 3 O 4 and FeO are the most common compositions in many heterogeneous catalysis. [7] [8] [9] For instance, iron oxides are vital components in FisherTropsch synthesis which coverts syngas (CO and H 2 ) to clean liquid fuels and high valuable chemicals. 6, 10, 11 It has been a challenge [12] [13] [14] to accurately describe the electronic and magnetic properties, especially for electronic band gap, of iron oxides by conventional density functional theory (DFT)
with local density approximation (LDA) or generalized gradient approximation (GGA) due to the strongly-correlated nature of the d-electron of which each has strong influence on their neighbor in iron oxides. For extended systems, the most successfully corrected methods to LDA and GGA are the Hubbard U correction (DFT+U) 15 and hybrid functionals. 16, 17 Extensive studies 13, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] on the iron oxides (α-FeOOH, α-Fe 2 O 3 , Fe 3 O 4 and FeO) are reported employing various density functional approximations (DFAs), including LDA, GGA, DFT+U, and kinds of hybrid functionals. We have summarized their performances based upon lattice parameters, magnetic moment, and band gaps, as shown in Table 1 .
From the Table 1 , though much work has been focused on iron oxides using different DFAs, it is still difficult to judge which DFA is a good choice for accurately describing both the structure and major properties of iron oxides. There are no predictions on iron oxides in the same DFA level, which are important to link the transformation between different phases. It is wellknown that LDA (or GGA) underestimates band gap and magnetic moment of iron oxides, which can be improved by the DFT+U approach. However, previous studies indicated that each material, generally, needs a semi-empirical U value for accurately describing its electronic properties.
Heyd-Scuseria-Ernzerhof screened hybrid functional (HSE) 32, 33 incorporating a fraction of the Hartree-Fock (HF) exchange to the short range exchange interaction has been proposed, and successfully applied to strong correlation systems. [34] [35] [36] Although to some extent, HSE would also require a material dependent amount of Hartree-Fock exchange, it should be emphasized that the optimized choice of one unique parameter entering the HSE hybrid functional was found to precisely reproduce the magnetic and electronic properties of a wide class of systems. 17 The summary also indicates that there has not yet been a consistent DFA which is used to accurately reproduce the structures and major properties of a group of iron oxides (α-FeOOH, α-Fe 2 O 3 , Fe 3 O 4 , and FeO). However, in order to make meaningfully quantitative property comparisons among the iron oxides by DFT, it is crucial to choose a proper and consistent DFA calculating the properties of iron oxides. Despite the extensive studies, it still lacks a systematic evaluation about performances of DFAs, capable of correctly predicting the most properties for all iron oxides, on ground-state properties of the above mentioned iron oxides. the Gibbs free energies of the phase transformation among given iron oxides, and plot the thermodynamic equilibrium phase diagrams of four iron oxides under oxidation and reduction atmosphere respectively. The current study provides theoretical insights into tracing down the phase diagram of iron oxides during reaction from a reliable and consistent DFA, which is of significance to tune phases via changing external conditions.
Theoretical methods and computational details.

PBE, PBE+U eff , and HSE calculations
All calculations were carried out using the projector-augmented wave (PAW) 52 pseudopotential with plane-wave cutoff energy of 400 eV, as implemented in Vienna ab initio Simulation Package (VASP). 53 Three types of exchange-correlation functionals were applied: (1) the standard PBE functional; 54 (2) the PBE+U method utilizing the scheme of Dudarev 55 with 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 several effective values for U eff = 1, 2, 3, 4, 5, and 6 eV; (3) the "screened" hybrid functional by Heyd, Scuseria, and Enzerhof (HSE). 32 As shown in Eq. 1, exchange energy (
In this work, ω is defined as 0.2 Å -1 as originally suggested by Heyd et al., 32 which typically gives good quality results for many cases. 33 As derived from perturbation theory, 17 the value of parameter a in the HSE functional is 0.25, which can accurately predict enthalpies of formation, ionization potentials, and electron affinities for molecules as well as lattice constants and band gaps for solids. 36, 56 However, as reported, the standard HSE with a = 0.25 overestimates the band gap of α-FeOOH and α-Fe 2 O 3 . 20, 57 It is recognized that an optimal amount of HF exchange is actually system dependent. 33 In this work, to get better results for iron oxides, the HSE functional with a = 0.15 and a = 0.10 were also tested, later referred to as HSE (a = 0.15) and HSE (a = 0.10), considering that the more HF exchange lead to predict bigger band gaps of semi-conductor or insulators. 13 All crystal structures were optimized without any constraint in volume, shape, and internal structural parameter. The convergence criteria for the electronic self-consistent iterations and forces were set to 10 -5 eV and 0.02 eV/ Å, respectively. Table S1 (see Supporting Information (SI)).
Thermodynamic phase equilibrium calculations
In the calculation of thermodynamic phase equilibrium, Gibbs free energy (G) of iron oxides can be separated into two contributions ( nonmag G and mag G ) as shown in Eq. 2: 
Where, magnetic specific heat (C m ) can be approximated by the empirical equation and the detailed description of the magnetic specific is given in Chuang's work. The reaction entropy is dominated by entropy of gases, which can be captured by changes in the gas chemical potential as shown in Eq. 5. were derived from thermodynamic tables, 66 and the vibrational properties and the zero point corrections of iron oxides were obtained from the lattice phonon calculation using the PHONOPYsoftware. 59 In calculations of phase diagram, it should be stated that the energy data of magnetite are derived from both lowtemperature monoclinic phase (below 122 K) and high temperature cubic phase (above 122 K).
Results and discussions
Comparison on properties predicted by different DFAs
Some basic properties of α-FeOOH, α-Fe 2 O 3 , Fe 3 O 4 and FeO are listed in Table 2 . The crystal structures of four iron oxides studied in this work are derived from experimental measurements, and the detailed lattice parameters are listed in Table 3 . Here the structure of magnetite is the low temperature monoclinic phase. 45 More detailed discussions of the ground- In the following, except for the magnetic property section, only the results for the most stable magnetic arrangements of each iron oxide will be discussed. 
A. Structural properties
Structures of iron oxides derived from experimental characterizations were re-optimized using PBE, PBE+U (4 eV) and HSE (a = 0.25) and HSE (a = 0.15) functionals. The calculated lattice parameters together with corresponding experimental data are shown in Table 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 good description about structures for most iron oxides, while PBE+U and HSE have few improvements on structural description over the PBE. In addition, the E-V curve of four iron oxides were fitted based on the third order Birch-Murnaghan equation of state, as shown in Figure S1 (see SI). For PBE+U, a detailed analysis about the U effect on lattice constants is provided in Figure   S2 (see SI). The value of U has small influence on lattice parameters. We also analysis the performance of different DFAs on structures from the relative errors of volume depicted in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 the volumes with smaller error than the others, the results from PBE and HSE are still good for predicting the volumes for iron oxides. Combined with the results of lattice parameters, it is conclude that one can get good results about the structures of most iron oxides by PBE instead of the complex and time-consuming PBE+U and hybrid functional methods. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 
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B. Magnetic properties
The magnetism of iron oxides has been very attractive for a long time because of their particularity. Low-temperature magnetism measurements1 have shown that α-FeOOH and α- In addition, remarkable differences of the spin magnetic moment by different DFAs are observed, and performance of each functional is not uniform for four iron oxides as shown in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 but underestimate that of α-Fe 2 O 3 and FeO. For PBE+U, the Fe magnetic moment increase with effective U value ascending for all iron oxides, and the detailed data about the U effect on local spin magnetic moment of four iron oxides are given in Figure S2 
C. Band gaps and Electronic structures
It is well established that most iron oxides are semi-conductor under low temperature. Apart from the case of α-FeOOH, the electronic properties of other three iron oxides have been extensively investigated using a wide variety of methods. However, there is still lack of a systematic comparison by different DFAs under the same DFT level. The band gaps of iron oxides predicted by various DFAs are collected in The results of Bader charge analysis of four iron oxides are given in The total density of state (TDOS), projected density of state (PDOS) of Fe 3d and O 2p of four iron oxides using PBE, PBE+U, HSE (a = 0.25), and HSE (a = 0.15) are plotted in Figure 3 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Besides the electronic properties, the dielectric functions predicted by PBE, PBE+U (4 eV), HSE (a = 0.25) and HSE (a = 0.15) of the four iron oxides are present in Figure S4 (see SI). For the properties, we could not say whether the predictions are good or not since there are lacking such experimental measurements. To put it another way, a no-bias and accurate experimental characterizations on each pure iron oxide is an important way to calibrate theoretical approaches. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The energies of formation ∆H, at T=0 K is defined as
PBE provides delocalized
in which 
Thermodynamic phase diagrams of iron oxides
It is known that complicated phase transformations exist in iron oxides under natural and industrial conditions, so understanding phase equilibrium for iron oxides at a given condition is helpful to tune conditions to obtain the targeted iron oxide. On the basis of above calculated results, it is found that the HSE (a = 0.15) presents well reliable results for structural, magnetic, electronic, and thermodynamic properties of most iron oxides. Hence, we perform thermodynamic calculations about phase transformations between the iron oxides under different atmosphere using the HSE (a = 0.15). To construct the phase diagram, we use appropriate free energies models by Eq. 2-5 to calculate the Gibbs free energy of iron oxides and gases in system. The vibrational contribution was computed by phonon calculations and the detailed results are provided in Figure S5 (see SI).
We also took α-Fe 2 O 3 as a sample to check influence of variant DFAs on the density of states of phonons of iron oxides and the test results were shown in Figure S6 (see SI). The magnetic contributions and phonon contributions to free energies are shown in Figure 5 . In order to verify the reliability of our calculated magnetic contributions and phonon contributions data, we compared the calculated specific heat and entropy with the experimental specific heat and entropy of four iron oxides, 66 respectively, as shown in Figure 6 . One can find that our calculated results reach good agreement with the experimental values to a great extent, and the small deviation may result from the approximation that we neglect the dilation of the lattices (C p -C v )
for solids, and another reason is differences of structures from experiments and perfect crystal in this work, considering the inevitable defects in experimental structures. 
The reaction Gibbs free energies and equilibrium phase diagram are given in Figure 7a -6b.
From Figure 7a , one can find that the dehydration is not thermodynamic spontaneous reaction below the critical temperature c. a. 300K at one standard atmospheric pressure. between reaction free energies of three reduction reaction and temperature at P H2 /P H2O =20 (e); phase diagram of iron oxides at H 2 reduction condition (f).
Conclusions
We systematically investigated the ground state properties of four iron oxides (α-FeOOH, α- (1) PBE can provide good lattice parameters with a small error of 1%, but significantly underestimates the Fe magnetic moment, formation energies and band gaps of all iron oxides by about 20%-80%. What's worse is that PBE can't predict reasonable electronic structures for all iron oxides.
(2) PBE+U method is an effective corrected means for improving electronic properties and band gap. The problem is that there is no single U value which can satisfactorily reproduce majority properties for four iron oxides. In order to make a meaningful comparison among the thermodynamic quantities of the iron oxides, it is unavoidable to make a compromise to choose a consistent U value. The suitable value of U for predicting acceptable gaps and electronic structure of four iron oxides is varying from 3.6 eV to 5.0 eV. However, to obtain good formation energies, the suitable value of U is about 3 eV. Here, we have to point out that the final solutions on theory for strong correlated systems are still on the way. To develop a high efficient approach with parameter-free suitable to cope with complex transition metal-oxide system is the goal. It is important to perform detailed benchmarks before such approaches will be used to solve practical problems and fundamental puzzles.
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